Under life-cycle service conditions, gas permeability which is usually employed to indicate the durability performance of concrete materials will be changed along with the evolution of microstructure under or after loading. This paper reports an extensive experimental research on the influence of loading condition on the evolution of gas permeability. A cyclic loading scheme under displacement control, which is employed to accelerate the evolution of its microstructure and model the loading condition under real service, is applied on cylinder specimens ϕ37 74mm dried to constant weight at 60°C. Both axial and lateral strains in the whole loading test are recorded by strain gauge to characterize the change of microstructure macroscopically. At the same time, gas permeability measurement is carried out by a well-designed tri-axial permeater at various loading levels in the planned loading history. The relationship between intrinsic gas permeability, Klinkenberg coefficient and residual strains discussed. It is found that intrinsic gas permeability will become great if the uniaxial loading level is beyond about 70% ultimate strength. Moreover, both the klinkenberg coefficient and intrinsic gas permeability are badly linked with elastic and plastic strains. However, the relationship between the Klinkenberg coefficient and intrinsic gas permeability can be approximated by a semi-empirical law, no matter under or after loading.
INTRODUCTION
The durability of structural concrete is degraded due to the ingression of external aggressive agents such as water, carbon dioxide as well as chloride ion etc. (Cerny 2002) . Mass transport properties play the central role in the analysis of durability performance thus the service life (AFGC 2007) . Moreover, in some other fields including geotechnical, petroleum, hydrogeology and waste management, the analysis of mass transport in fractured porous materials is of great interest (Reinhardt 1997) . Especially, the prediction of waste transport in nuclear waste depository should be paid enough attention due to its significant importance and possible negative influence (Verdier et al. 2002) . It should be emphasized that, structural concrete material is always subjected to mechanical action, which will make the mass transport properties of porous medium changed greatly due to the possible generation and opening of cracks. The influence of mechanical action or possible cracking should be taken into account when quantitatively predicting the detailed mass transport process.
As a quasi-brittle porous material, structural concrete is vulnerable to micro-cracking under the action of environmental and mechanical actions (Mehta and Monteiro 2006) . The ingression of external aggressive agents including liquid, gas and ions will remarkably benefit from this factor. Vast researchers have made great efforts to study the influence of mechanical action on the transport of liquid, gas as well as ion species (Hoseini et al. 2009; Zhou et al. 2012a, b) . To understand the detailed influencing mechanism of mechanical action on mass transport, inert gas permeability is paid more attention due to the possible physical and chemical inter-actions between cracking cementitious materials and liquid with or without interested ions, which may introduce some other factors rather than pure mechanical action (Loosveldt et al. 2002) . Moreover, in contrast to liquid permeability to water or alcohol, gas permeability is more sensitive to the number, size, orientation, opening as well as connectivity of cracks, which will facilitate the distinguish of even minor influence of cracking from the obvious scatter of concrete materials. Besides, it is also more convenient and less time-consuming to measure gas permeability since inert gas flow can quickly reach stable state even in dense concrete material.
In this paper, the evolution of gas permeability for three structural concrete materials is measured and discussed before, under and after mechanical loading. In Section 2, the preparation of materials and specimen as well as following experimental procedures are introduced. The measured gas permeability are further given and discussed with respect to stress level and strain level in Section 3 . Finally, the concluding remarks are provided in Section 4.
EXPERIMENTS

Function Materials and specimen
To experimentally investigate the gas permeability of concrete materials under and after loading, three kinds of structural concrete materials C39, C29 and C19 with various water to cement ratios 0.39, 0.29 and 0.19 were prepared with CEM V/A. The mix proportioning of these cement-based materials used in nuclear waste storage application as candidates are detailed in Table 1 . Several small beams of size 140 140 560mm were made for each concrete. At the age of 24h, these beams are demoulded and then cured in water until the age of 90 days. After curing, 5 small cylinders of the identical size ϕ37 74mm, whose diameter is about three times of maximum size of gravel, were drilled from small beams. Only the central part of the cored cylinders are cut out to obtain the target cylinder of 74mm height. The two circular end faces of each cylinder is further processed to be flat and parallel to each other to facilitate the later mechanical loading and gas permeability measurement. After preparing 5 cylinders for each concrete materials, 3 of them are tested to obtain their elastic modulus, Poisson's ratio, ultimate strength as well as maximum axial strain. In uni-axial compression, three cycles of compression up to about 30% ultimate strength were first carried out to measure elastic modulus and Poisson's ratio. After that, cylinder specimen are further uni-axially compressed until failure to get ultimate strength and maximum axial strain. The average ultimate strength of concrete material C39, C29 and C19 is 55MPa, 67MPa and 71MPa, respectively. Due to the obvious high water to cement ratio, the strength and elastic modulus for concrete C39 is obviously lower than other two concretes. Moreover, although the water to cement ratio for concrete C29 is larger than C19, there is no remarkable difference about ultimate strength and elastic modulus between them.
Another 2 cylinders were oven-dried to constant mass under constant temperature of 60°C. The mass of each specimen is monitored every 7 days. If the relative difference between two successive measurement are smaller then 0.1%, constant mass is thought to be reached and concrete specimen is totally dried. The capillary porosity is also deduced from the mass difference of saturated and totally dried specimens, as list in Table 2 .
Gas permeability measurement
Generally, permeability is understood as a transport properties characterizing the fluid bulk flow within a porous medium under pressure gradient. The flowing velocity q (LT -1 ) is quantitatively described as follows (Reinhardt 1997) , k q P
in which (Pa s), P (Pa) and k (m 2 ) denotes dynamic viscosity, pressure and permeability, respectively. Theoretically, permeability k is independent on the type of penetrating fluid (Reinhardt 1997 ). However, due to the possible complex physical and chemical interactions between flowing fluid and porous skeleton with high specific surface, the permeability to water, alcohol and inert gas are remarkably different for cementitious materials (Loosveldt et al. 2002; Wang et al. 2014) . Considering from the faced practical difficulty for experimental measurement, permeability to gas is widely adopted to characterize the mass transport properties thus the durability performance for cementitious materials. It is well-known that gas is a kind of fluid with high compressibility, if ideal gas is assumed, then the apparent gas permeability kA (m 2 ) can be calculated by (Scheidegger 1974 
Where Q is the volume flow velocity of gas (m 3 /s), A is cross-sectional area (m 2 ), L is thickness of sample (m) and Pi, Patm (Pa) denotes applied inlet and outlet (atmospheric) pressure, respectively. However, the apparent permeability is dependent on the applied pressure due to the gas slippage effect on small pore walls, which is known as "Klinkenberg effect'" (Klinkenberg 1941) . Taking slip flow mode and viscous flow mode into account, the actual flow of gas in tight porous media can be quantitatively described as (Klinkenberg 1941) ,
in which kV, and Pm is the intrinsic gas permeability, Klinkenberg coefficient and average pressure, respectively. Physically, Klinkenberg coefficient depends on the pore structure of the medium and temperature for a given gas and can be further expressed as (Klinkenberg 1941; Civan 2010) 
where r is mean pore radius (m), is Boltzmann's constant (J/K), T is temperature (K), c is constant. It is experimentally verified that slippage factor varies linearly with absolute temperature (Wei et al. 1986 ). Klinkenberg effect is significant with higher coefficient in any situation where the mean free path of gas molecular in porous medium approaches the dimension of pore or micro-cracking. Moreover, is directly linked to the average pore size in certain sense, i.e., increases if the mean pore size decreases.
From the above Equation (3), intrinsic gas permeability kV can be linearly regressed from several apparent permeability kA, which can be calculated from gas flow velocity under several different inlet pressures Pi. Herein, the gas permeability is tested on totally dried cylinder specimen of size ϕ37 74mm under and after uniaxial loading by steady state method. Thanks to the kind help from Prof. Fredric Skoczylas, a carefully designed permeater highly developed in Ecole Centrale de Lille is adopted, which has been extensively described in references (Davy et al. 2007; Benachour et al. 2008) . Through a tri-axial confining cell providing hydrostatic loading on the circular face of cylindrical samples to keep it air-tight, nitrogen gas is forced to flow within the tested concrete samples under three different inlet pressures while keep the outlet pressure constant as atmosphere pressure. The regulated injection pressure and the corresponding gas flow velocity are continuously monitored every 10 minutes. If the relative difference of gas flow velocity under the same injection pressure is less than 2%, steady state flow is though to be reached. Correspondingly, the apparent permeability can be further evaluated from the steady gas flow velocity and injection pressure through Equation (2). More specifically, in this experimental research work, the hydrostatic pressure is regulated to be almost a constant 3MPa, while the injection pressures are selected as about 10, 15 and 20 Bar. After obtaining the stable velocity under different injection pressure, the apparent permeability thus intrinsic permeability is further evaluated from Equation (3). Actually, it takes about 40 minutes to reach the assumed steady flowing state for each specimen under every injection pressure. Then, one measurement of intrinsic gas permeability and Klinkenberg coefficient costs about 120 minutes.
Uni-axial loading history
To study the gas permeability of concrete materials under and after loading, an axial loading history is carefully designed to apply on each cylinder specimen through the highly developed permeater. Considering the gas permeability of concrete specimen is obviously determined by its pore and cracking structure macro-scopically relating to its strain and displacement, compressive loading is applied uni-axially on the cylinder specimen using Toni Expert machine under displacement control (0.05mm/min) rather than stress control to facilitate the gas permeability testing under the identical compressive state. To ensure the assumed uni-axial compression, the two circular surfaces of each sample is carefully polished to be flat and parallel to each other. For each specimen, the gas permeability is first measured before loading. After that, three cycles with maximum stress of about 30% ultimate strength are applied to eliminate the possible irreversible strain. Then, the specimen is subjected to a cyclic loading history, as shown in Figure 1 . First cycle is conducted with the maximum stress about 50% of its strength and keep it constant to allow gas permeability testing under displacement control; then the stress is unloaded to about 5MPa constant to allow gas permeability testing too. 5 more cycles are further carried out with increasing stress ratio about 60%, 70%, 80%, 90% and 95% but constant lower stress about 5MPa. After absolutely unloading, the gas permeability is also measured.
In testing, the axial strain 11 and lateral strain 33 is monitored by 2 strain gauges of length 20mm, respectively. All 4 strain gauges are laid every 90 o on the middle portion. The adopted permeater is specially designed to allow uni-axial compression, strain monitoring as well as gas permeability measurement at the same time. Typical stress-strain relationship for specimen C19-1 is shown in Figure 1 . Since one measurement of intrinsic gas permeability and Klinkenberg coefficient takes about 120 minutes, the required time to finish the testing for one specimen with 14 measurements of gas permeability is about 28 hours. It costs about 21 work days to finish all the planned experimental testing for all 6 cylinder specimens. The measured axial and lateral strains, deduced intrinsic gas permeability and Klinkenberg coefficients are all listed in the Table 2 . Figure 1 Designed loading history and typical stress-strain curve for specimen C19-1.
EVOLUTION OF GAS PERMEABILITY
Concrete is by nature a quasi-brittle porous material vulnerable to cracking. Generally, micro-cracking will nuclear and develop for material under loading beyond 30\% of ultimate strength. It is the micro-cracking and pore spaces where gas will flow through under pressure gradient. Along with the action of loading beyond the elastic limit, plastic strain will accumulate and the micro-structure of cracking and pores evolve. Furthermore, when damaged concrete material is subjected to loading, the compaction or opening state of micro-cracking and pores will be different from each other, which makes the gas permeability evolve. In another words, the gas permeability of micro-cracked concrete material will be changed with the current loading condition and accumulated plastic strain after loading. Herein, the evolution of gas permeability will be analyzed from these two aspects.
Gas permeability under loading
(1) Intrinsic gas permeability For the three structural concrete materials concerned herein, the intrinsic gas permeability as well as corresponding Klinkenberg coefficient have been determined from gas permeability testing, which are listed in Table 2 . To consistently analyze the relationship between gas permeability and stress / strain ratio for different materials, the relative intrinsic gas permeability kr and stress ratio r, strain ratio r are introduced and defined as,
where k c V, c and c is the intrinsic gas permeability under compression, compressive stress and strain, respectively; k 0 V, m and m is the intrinsic gas permeability before loading, maximum stress and strain, respectively. The evolution of intrinsic gas permeability is plotted against the applied axial stress and accumulated strain (including elastic and plastic strains), as shown in Figure 2 .
The first observation from Figure 2 is that the relationship between intrinsic permeability and stress, strain is of much scatter. For specimen C19-1, even the first loading level is just 50% of its ultimate strength, the intrinsic gas permeability is obviously larger than the situation before loading, indicating that there are remarkable micro-cracks developed before loading to half of its ultimate strength. When the stress level increases up to about 70% of its ultimate strength, the intrinsic gas permeability tends to be smaller even though more microcracks have been introduced by loading. It is easily inferred that there is obvious compaction or consolidation of pores and micro-cracks, which conquer the contribution of newly developed micro-cracks. Beyond 70% of its ultimate strength, the intrinsic gas permeability begins to increase quickly along with the rising of uni-axial loading stress, which attribute to the development of new micro-cracks and their opening. Strain ratio (-) Relative gas permeability (-) C39-1 C39-2 C29-1 C29-2 C19-1 C19-2 Figure 2 The evolution of relative gas permeability with stress ratio (Left) and strain ratio (Right). For another specimen C29-1, its intrinsic gas permeability behaviours in a totally different way from specimen C19-1. At the first loading level of 50% ultimate strength, the intrinsic gas permeability is about 30 percent lower than the situation before loading, showing significant compaction and solidation of pores under the loading condition of about 50% of its ultimate strength. Beyond 50% ultimate strength, the intrinsic gas permeability always increases with the rising of loading, indicating the controlling factors of development and opening of micro-cracks.
For the other specimens, their intrinsic gas permeability behaviours in a similar way. When the loading stress is smaller than about 70% ultimate strength, intrinsic gas permeability decreases with respect to loading stress and strain. Moreover, the intrinsic gas permeability becomes larger when loading level is increased beyond 70\% ultimate strength. Except the specimen C39-1, the change of intrinsic gas permeability is relatively small in the range of [-15%, 30%] comparing to the case before loading action. From the above analysis, it can be concluded that the transition point of axial loading stress is about 70% of its ultimate strength, although it may vary.
In terms of loading strain, the intrinsic gas permeability behaviours in a similar way to loading stress. It is emphasized that the transition point of strain ratio beyond which the intrinsic gas permeability begin to increase varies in a wide range from 0.4 to 0.8 of much scatter. From this consideration, it is more reasonable to control the loading stress lower than about 70% ultimate strength to prevent obvious increase of intrinsic gas permeability.
(2) Klinkenberg coefficient As the Klinkenberg coefficient is closely linked to the pore/micro-crack size, it is obviously different from each other due to the distinct of their pore / micro-crack size distribution. Similar to the analysis of intrinsic gas permeability, relative Klinkenberg coefficient r is also introduced and defined as the ratio of Klinkenberg coefficient under compression c to that before loading 0, r c 0 / (6) To further understand the evolution of micro-structure of concrete material under different uni-axial loading levels, the relationship between relative Klinkenberg coefficient r and relative stress / strain ratio r, r is also plotted, as shown in Figure 3 . Strain ratio (-) Figure 3 The evolution of relative Klinkenberg coefficient with stress ratio (Left) and strain ratio (Right).
From Figure 3 , it is first observed that specimens C39-1, C19-1 and C 19-2 behave in special ways. It is wellknown that Klinkenberg coefficient is closely related to the mean size of pores and micro-cracks in certain sense, and it will increase if the mean size of pores and micro-cracks decreases. From this viewpoint, when concerning specimen C39-1, the mean size of pores and micro-cracks obviously decreases before 70% ultimate strength, which makes the intrinsic gas permeability significantly decreases. Beyond 70% ultimate strength, the mean size of pores and micro-cracks becomes larger with increasing loading stress. Correspondingly, the intrinsic gas permeability becomes larger. For another specimen C19-1, its Klinkenberg coefficient always decreases with respect to rising loading levels, meaning that the mean size of pores and micro-cracks monotonically increase but within a relative small degree. When concerning specimen C19-2, its mean size of pores and micro-cracks first slightly increases but then remarkably decrease if the loading stress is beyond 60% ultimate strength. For the other specimens, the Klinkenberg coefficient first quickly decrease with the rising loading level but then changes in a stable way with small variation. It can be further deduced that the pores and micro-cracks are first compacted obviously within about 60% ultimate strength. After that, the mean size of pores and micro-cracks are almost stable but the number of micro-cracks will be larger and larger, which makes their intrinsic permeability increase. The micro-structure of pores and micro-cracks (mean size, number, connectivity, opening) will be changed in a complex manner with respect to mechanical loading, which determines the evolution of intrinsic gas permeability.
Gas permeability after loading
After uni-axial loading with relative high stress, irreversible plastic strain will accumulate due to the nucleation and opening of micro-cracks. To distinguish the effect of accumulated plastic strain from elastic strain, the relationship between intrinsic gas permeability and plastic strains after loading are further analyzed. Since the lowest compressive stress 5 MPa applied in the loading history is very low, it is neglected and the corresponding strain is approximately thought to be identical to un-loading situation. Moreover, both the residual axial strain (1) Intrinsic gas permeability Figure 4 shows the relationship between intrinsic gas permeability and residual axial / volumetric strains of much scatter. It can be inferred from the first sight that there is no clear relationships between them in terms of either residual axial strain or residual volumetric strain. For specimens C39-1 and C29-1, most of the permeability tested after loading is smaller than that tested before loading, meaning that the contribution of micro-cracks to the permeability is less than the compaction of pores. For other specimens, the gas permeability is more or less larger than that measured before loading, which is more reasonable due to the micro-cracking or accumulated plastic strain. It is worthy noted that the increase of gas permeability for cracked specimens is limited by the relative high confining pressure (3MPa), which constraints the opening of micro-cracks. Residual volumetric strain (-) Relative gas permeability (-) C39-1 C39-2 C29-1 C29-2 C19-1 C19-2 Figure 4 The evolution of relative intrinsic gas permeability with the residual axial strain (Left) and volumetric strain (Right).
(2) Klinkenberg coefficient The relationships between relative Klinkenberg coefficient r and residual axial / volumetric strains are shown in Figure 5 . Similar to the relationship between relative intrinsic gas permeability and the residual strains, there are no close links between relative Klinkenberg coefficient and both residual axial strain and relative volumetric strain. Except specimen C39-1, the Klinkenberg coefficient for other micro-cracked specimens are smaller than that measured before loading, indicating that the mean size of pores and micro-cracks are larger than original pores before loading. Since Klinkenberg coefficient represents the mean size of pores and micro-cracks and residual strain indicates the accumulation of micro-cracking, it is easily known from Figure 5 that the cracking pattern for both three structural concrete materials is remarkably complex and heterogeneous from the viewpoint of gas permeability. 
Relationship between gas permeability and Klinkenberg coefficient
Conceptually, both intrinsic gas permeability and Klinkenberg coefficient are determined by pores and microcracks of great complexity for concrete materials. Although gas permeability and Klinkenberg coefficient are not well correlated with macroscopic indicator of strains, there might be some links between them.
Figure~\ref{fig-Kv-Beta} gives the relationship between intrinsic gas permeability and Klinkenberg coefficient for all situations of under or after loading in the loading history. Except only one points for specimen C19-2, other points follow a certain law. Inspired and borrowed from the suggested model explicitly giving the relationship between intrinsic gas permeability and Klinkenberg coefficient (Tanikawa and Shimamoto 2006;
Civan 2010), the relative Klinkenberg coefficient is approximated by the following formula in terms of relative intrinsic gas permeability as, r r A Bk (6) in which A and B are constants. Through the least-square method, constant A and B is obtained as 1.60 and 0.65, respectively. And the fitting curve is also shown in Figure 6 . It can be seen that this fitting curve can roughly capture the relationship between relative Klinkenberg coefficient and intrinsic gas permeability though the points are scattered. Relative gas permeability (-) Relative klinkenberg coefficient (-) C39-1 C39-2 C29-1 C29-2 C19-1 C19-2 Fitting curve Figure 6 The relationship between relative intrinsic gas permeability and relative Klinkenberg coefficients.
CONCLUDING REMARKS
The evolution of gas permeability for three structural concrete materials are experimentally investigated under and after uni-axial loading. A highly developed permeater, which allows uni-axial loading, gas permeability and strain measurement at the same time, is employed to carry out this experimental research. The intrinsic gas permeability and Klinkenberg coefficient for totally dried cylinders are measured before, under and after a carefully designed loading history. The relationship between intrinsic gas permeability, Klinkenberg coefficient and uni-axial stress, elastic / plastic strains are thoroughly analysed. It is found that the transitional uni-axial stress beyond which the gas permeability begin to rise is about 70% ultimate strength. Under loading condition, the relationship between intrinsic gas permeability and elastic / plastic strains is not clear and much scatter always exist due to complex cracking pattern. In another aspect, the relationship between Klinkenberg coefficient and strains indicates that the mean size of pores and micro-cracks first increase and then keep almost stable under the action of confining pressure. While the number of micro-cracks obviously increases and makes the intrinsic gas permeability increasing. After loading, neither residual axial strain nor residual volumetric strain can characterize the evolution of intrinsic gas permeability and Klinkenberg coefficient. However, the relationship between intrinsic gas permeability and Klinkenberg coefficient can be approximately captured by a semi-empirical law, indicating the implied role of micro-cracks on both intrinsic gas permeability and Klinkenberg coefficient.
